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Edited by Barry HalliwellAbstract We observed frequent stillbirth in peroxiredoxin III
(PrxIII) knockout maternal mice. Quantitative real time PCR
(qRT-PCR) and Western-blot analysis revealed increased oxida-
tive stress in placentas that were deﬁcient in PrxIII. We did not
ﬁnd signiﬁcant diﬀerence between PrxIII knockout maternal
mice and wild-type littermates in hematological parameters, fetal
number, and embryonic development. Nevertheless, we noticed
enhanced expression of PrxI in erythrocytes of pregnant knock-
out mice. Our results provided in vivo evidence that PrxIII
played a crucial role in placental antioxidant defense. Up-regu-
lation of PrxI might provide a compensation that protected
erythrocytes against oxidative damage.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Stillbirth; Peroxiredoxin III (PrxIII); Placenta;
Oxidative stress1. Introduction
As a member of peroxiredoxin (Prx) family, PrxIII was pre-
dominantly localized in mitochondria and was considered to
play an important role in mitochondrial antioxidant defense
[1–3]. Mammalian PrxIII has two active crysteines that reduce
H2O2 with the use of electrons provided by thioredoxin [4]. Re-
cently, we studied in vivo function of PrxIII using PrxIII
knockout (PrxIII/) mice. Severe lung inﬂammation and
oxidized DNA/protein in alveolar epithelium were detected
in PrxIII/ mice exposed to intratracheal inoculation of lipo-
polysaccharide (LPS), indicating that PrxIII was an indispens-
able scavenger of reactive oxygen species (ROS) in mouse
lungs under oxidative stress [5].
During the preparation of experimental mice, we observed
frequent stillbirth in PrxIII/ maternal mice. Since PrxIII
was previously suggested to play an important role in placentaAbbreviations: Prx, peroxiredoxin; qRT-PCR, quantitative real time
polymerase chain reaction; LPS, lipopolysaccharide; ROS, reactive
oxygen species; 4-HNE, 4-hydroxy-2-nonenal; Prepro-ET-1, prepro-
endothelin 1; TNF-a, tumor necrosis factor alpha; PBS, phosphate-
buﬀered saline
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doi:10.1016/j.febslet.2008.05.050under oxidative stress [6,7], we were interested in analyzing in
vivo function of PrxIII in pregnancy. According to previous
studies, oxidative stress was relatively high in pregnancy and
was further increased during labor [8,9]. On the other hand,
antioxidant activity was accordingly increased with gestational
progression to protect against oxidative damage [10,11]. Abun-
dance of ROS or decrease of antioxidant activity would dis-
turb oxidative balance and ultimately result in pathological
changes. For example, a pregnant complication in human
beings called pre-eclampsia was related to oxidative stress [12].
In the present study, we compared pregnant outcomes
between PrxIII/ maternal mice and wild-type (PrxIII+/+)
littermates. We also investigated hematological parameters,
fetal number, embryonic development, and placental oxidative
stress in maternal mice.2. Materials and methods
2.1. Mouse mating
PrxIII/ mice were generated as described before [5]. We mated
C57BL/6 (B6) mice with PrxIII/ mice to generate PrxIII+/ oﬀ-
spring. The oﬀspring were then intercrossed to produce PrxIII+/+,
PrxIII+/, and PrxIII/ littermates for experiments.
2.2. Hematological examination on peripheral blood and histological
inspection on placentas
Peripheral blood was examined on mice before pregnancy and at the
18th day of pregnancy. Hematological parameters included erythro-
cyte count, reticulocyte count, and hematocrit. In addition, existence
of Heinz body in erythrocytes was examined on smears stained with
brilliant cresyl blue.
Placentas were removed from maternal mice that were pregnant for
18 days. Two pathologists without knowledge of PrxIII genotypes
examined placental sections after HE-staining.
2.3. Analysis of oxidative state in placentas
Eighteen-day placentas were homogenized and protein concentra-
tion was detected by Bio-Rad protein assay kit. After separation on
15% SDS–PAGE and transfer to Immobilon membrane (Millipore
Corporation), lipid oxidation was estimated with anti-4-hydroxy-2-
nonenal (4-HNE) monoclonal antibody (Japan Institute for Control
of Aging, Fukuroi, Japan). Visualization was achieved with ECL Wes-
tern-blotting detection system (Amersham). Anti-b-actin antibody
(Sigma) was used as internal control.
In a separate experiment, RNA samples were prepared from pla-
centas. After synthesis of ﬁrst-strand cDNA, quantitative real time
PCR (qRT-PCR) was performed to analyze expressions of prepro-
endothelin 1 (prepro-ET-1) and tumor necrosis factor alpha (TNF-
a). Primer sequences are indicated in Table 1. b-Actin was used as
internal control. SYBR GreenER Two-step qRT-PCR Kits was
purchased from Invitrogen. qRT-PCR was performed on Bio-Rad
iCycler by the following program: 95 C 3 min, (95 C 15 s, 60 Cblished by Elsevier B.V. All rights reserved.
Table 1
Primer sequences for qRT-PCR analysis
Genes Forward Reverse
prepro-ET-1 50-CTGGACATCATCTGGGTCAA-3 0 50-CTGCTTGGCAGAAATTCCA-3 0
TNF-a 50-GATTATGGCTCAGGGTCCAA-3 0 50-CCCATTTGAGTCCTTGATGG-30
PrxI 50-CTGCCAAGTGATTGGTGCTT-3 0 50-CCCATAATCCTGAGCAATGGT-30
PrxII 50-AGATCATCGCGTTCAGCAAC-3 0 50-CAAGCGTCTGGTCACGTCAG-30
PrxIII 50-CAGCCGTTGTCAATGGAGAG-3 0 50-TCACATCGTGAAATTCGTTAGC-3 0
b-Actin 50-ACGTTGACATCCGAAAGACC-3 0 50-CCACCGATCCACACAGAGTA-30
2432 L. Li et al. / FEBS Letters 582 (2008) 2431–243460 s) · 40. Reaction volume was 50 ll. Expression of oxidative makers
was calculated by equation 2DCt · 106, where DCt = [Ctprepro-ET-1 (or
CtTNF-a)  Ctb-actin]. Three separate reactions were performed for each
gene.
2.4. Analysis of PrxI, PrxII, and PrxIII expression in erythrocytes
Total blood (about 1 ml) was obtained from mice that were pregnant
for 18 days. Red blood cells were isolated with Ficoll-Paque (Pharma-
cia Biotech) and washed two times with phosphate-buﬀered saline
(PBS). RNA and cell lysates were, respectively, prepared from isolated
erythrocytes. Expression of PrxI, PrxII, and PrxIII was detected by
qRT-PCR and Western blot. Primer sequences for qRT-PCR are indi-
cated in Table 1. For Western-blot analysis, we used rabbit anti-PrxIII
serum immunized with PrxIII C-terminal oligopeptide [5].
2.5. Statistic analysis
For qRT-PCR results, relative expression of detected genes was
compared among PrxIII+/+, PrxIII+/, and PrxIII/ samples by
analysis of variance. P < 0.05 was considered to be statistically signif-
icant.3. Results
3.1. Breeding abnormality in PrxIII/ maternal mice
After successful generation of PrxIII/ mice, we mated
PrxIII/ mice with wild-type (B6) ones to produce heterozy-
gous oﬀspring (PrxIII+/), which were intended to intercross
to generate PrxIII+/+, PrxIII+/, and PrxIII/ littermates
for experiment. Unexpectedly, we noticed that live newborns
from individual PrxIII/ maternal mouse were only 1–3, or
even zero (mean litter size: 1.2 ± 0.5, n = 6), while B6 maternal
mice gave birth to 5–8 live newborns (mean litter size: 6.7 ± 0.5,
n = 6).
To conﬁrm our observation, we mated PrxIII+/+ and
PrxIII/ male mice with PrxIII+/+, PrxIII+/ and PrxIII/
 female littermates, respectively. Oﬀspring number from
PrxIII/ maternal mice (mean litter size: 0.8 ± 0.3, n = 6)
was much smaller than that from PrxIII+/+ (mean litter size:
7.5 ± 0.3, n = 6) and PrxIII+/ (mean litter size: 7.2 ± 0.2,
n = 6) maternal littermates. Therefore, pregnant outcome was
only related to genotypes of female mice. We then closely mon-
itored maternal mice around delivery time and found that new-
borns were already dead at birth.Table 2
Hematological parameters in mice before and after pregnancy (means ± S.E
Genotype (n = 6) Erythrocyte (106/ll) Reticu
PrxIII+/+ 9.0 ± 0.4 7.8 ± 0.3 1.3 ± 0
PrxIII+/ 8.8 ± 0.2 7.5 ± 0.2 1.3 ± 0
PrxIII/ 8.7 ± 0.2 6.5 ± 0.3 1.4 ± 0
There was no signiﬁcant diﬀerence in hematological parameters among non-p
after pregnancy, especially in PrxIII/ maternal mice. The percentage of ret
number: before pregnancy and right number: after pregnancy.To understand fetal features before delivery, we killed preg-
nant mice on the 18th day of second gestation and found that
fetuses in PrxIII/ maternal mice were still alive. The mean
fetal numbers were 7.3 ± 0.7 for PrxIII+/+, 7.3 ± 0.5 for
PrxIII+/, and 7.0 ± 0.8 for PrxIII/ maternal mice, while
the mean fetal weights were 1.442 ± 0.072 g (n = 44),
1.326 ± 0.09 g (n = 44), and 1.285 ± 0.065 g (n = 42), respec-
tively. There was no diﬀerence in fetal number or fetal weight
among maternal mice with diﬀerent genotypes.
3.2. Hematological parameters and placental histology
Hematological parameters were not diﬀerent among
PrxIII+/+, PrxIII+/, and PrxIII/ mice (Table 2), and no
Heinz body was observed in erythrocytes (data not shown).
In detail, both erythrocyte count and hematocrit in peripheral
blood were decreased after pregnancy, especially in PrxIII/
maternal mice, although the decrease did not reach statistical
signiﬁcance (P > 0.05). Reticulocyte count was signiﬁcantly in-
creased in pregnant mice (P < 0.05).
As shown in Fig. 1, focal necrosis and hyaline degeneration
in trophoblast giant cells (black arrows) and degeneration in
vessel walls (white arrows) were observed in placentas that
were derived from PrxIII/ maternal mice.
3.3. Increased oxidative stress in placentas of PrxIII/
maternal mice
To further understand pathological changes related to fetal
death, we examined oxidative states in placentas. As an a,b-
unsaturated aldehyde derived from peroxidation of x6-unsatu-
rated fatty acids, 4-HNE can eﬃciently react with sulfhydryl
groups or histidine and lysine groups of proteins to form stable
4-HNE-protein compound, which is speciﬁcally recognized by
anti 4-HNE antibody [13]. As shown in Fig. 2, high level of
4-HNE-modiﬁed protein was detected in placenta of Prx
III/ maternal mice as compared with PrxIII+/+ or
PrxIII+/ samples. In addition, qRT-PCR analysis revealed
that expressions of prepro-ET-1 and TNF-a were 6.24- and
2.66-fold higher, respectively, in PrxIII/ placenta than in
PrxIII+/+ placenta (Fig. 3). There was no signiﬁcant diﬀerence
in prepro-ET-1 or TNF-a expression between PrxIII+/+ and
PrxIII+/ placentas..)
locyte (%) Hematocrit (%)
.5 5.6 ± 1.1q 50 ± 1.8 45 ± 0.7
.6 5.4 ± 0.8q 50.3 ± 2.4 44.2 ± 1.6
.4 4.9 ± 1.0q 49.6 ± 0.3 40.5 ± 0.4
regnant mice. Erythrocyte count and hematocrit became relatively low
iculocytes was signiﬁcantly increased in pregnant mice (qP < 0.05). Left
Fig. 1. Histological examination on HE-stained placental sections.
Focal necrosis and hyaline degeneration in trophoblast giant cells
(black arrows) and degeneration in vessel walls (white arrows) were
observed in placentas derived from PrxIII/ maternal mice. Original
magniﬁcation: ·40.
Fig. 4. Western-blot analysis for PrxIII expression in mouse erythro-
cytes. An extra 28 kDa signal was observed and was most enhanced in































Fig. 5. Representative results of qRT-PCR for Prx expression in
erythrocytes of pregnant mice. PrxI mRNA was predominantly
increased in erythrocytes of PrxIII/ and PrxIII+/ mice as
compared with PrxIII+/+ littermates (PrxIII/ vs. PrxIII+/+:



























Fig. 3. Representative results of qRT-PCR for placental prepro-ET-1
and TNF-a expressions. Both prepro-ET-1 and TNF-a were signiﬁ-
cantly up-regulated in PrxIII/ placenta as compared with PrxIII+/+
and PrxIII+/ samples (PrxIII/ vs. PrxIII+/+ and PrxIII+/:
wP < 0.01).
Fig. 2. Western-blot analysis for 4-HNE-modiﬁed protein in placental
tissues. A signal with 51 kDa molecular size was signiﬁcantly enhanced
in PrxIII/ placenta.
L. Li et al. / FEBS Letters 582 (2008) 2431–2434 24333.4. Expression of PrxI, PrxII, and PrxIII in erythrocytes of
pregnant mice
As indicated in Fig. 4, PrxIII protein was undetectable in
erythrocytes of PrxIII/ mice. However, we noticed an extra
28-kDa signal that was most enhanced in PrxIII/ sample.
Since PrxIII oligopeptide used to raise anti-PrxIII antibody
shares more than 56% amino acid sequences with PrxI and
PrxII C-terminals [5], the antibody might has cross-reactivitywith PrxI and PrxII proteins. We supposed that the extra band
represented PrxI protein as the molecular size of the signal cor-
responded to PrxI molecular weight. To conﬁrm our hypothe-
sis, we performed qRT-PCR analysis to detect mRNA of PrxI,
PrxII, and PrxIII in erythrocytes of pregnant mice. The results
revealed that PrxI was predominantly up-regulated by 6-fold
in PrxIII/ mice and 2-fold in PrxIII+/ mice as compared
with that in PrxIII+/+ littermates (Fig. 5). We did not ﬁnd sig-
niﬁcant change of Prx II expression.4. Discussion
In the present study, we demonstrated frequent stillbirth and
serious placental oxidation in PrxIII/ maternal mice. Since
fetal fates were dependent on the phenotypes of maternal mice
instead of that of fetuses themselves, we suggested that mech-
anism of fetal death in PrxIII/ maternal mice might be due
to the functional lack of PrxIII in placenta.
In addition to placental vessel lesions, lipid oxidation was
signiﬁcantly increased in placentas from PrxIII/ maternal
mice. According to previous reports, oxidative stress could in-
duce expressions of TNF-a and endothelin-1 [14–16]. Elevated
level of TNF-a in PrxIII/ mouse placentas further demon-
strated increased placental oxidative stress. More importantly,
high expression of placental prepro-ET-1 suggested excessive
production of mature endothelin-1, which would cause vascu-
lar spasm and subsequent low blood supply in placenta. Low
2434 L. Li et al. / FEBS Letters 582 (2008) 2431–2434blood supply, together with oxidative damage in placenta,
would result in ineﬃcient gas exchange between pregnant mice
and fetuses. Under hypoxic or malperfusion conditions, ROS
levels was increased in placentas [17,18], which would worsen
placental oxidative stress. The situation in PrxIII/ maternal
mice reached the worst level before and during delivery and re-
sulted in fetal hypoxia and death ultimately.
It is well known that pregnancy is accompanied with an in-
crease of blood volume. Since plasma increases to a greater ex-
tent than erythrocyte number, the so-called ‘‘physiological
anemia’’ occurs. Higher reticulocyte percentage in pregnant
mice reﬂected such a state in the present study. We noticed that
the situation in PrxIII/ maternal mice was relatively serious
as compared with PrxIII+/+ or PrxIII+/ littermates. Our
ﬁnding added weight to recent report that PrxIII was involved
in proerythrocyte diﬀerentiation [19].
Although there existed serious oxidative stress in placentas
derived from PrxIII/ maternal mice, we did not ﬁnd Heinz
body in erythrocytes, a marker for hemoglobin oxidation. We
hypothesize that Prx I provides compensation for PrxIII deﬁ-
ciency on the following evidence: ﬁrst, Prx I has been proved
to play an important antioxidant role in erythrocytes [20]. Sec-
ond, PrxIII shares more than 70% amino acid sequences with
PrxI, and the two Prxs remove H2O2 through the same mech-
anism [4]. Third, the present study indicated that PrxI was sig-
niﬁcantly up-regulated in erythrocytes of pregnant PrxIII/
mice. It might be Prx I enhancement that contributed to pro-
tection of erythrocytes against oxidative damage.
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